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Abstract 

Purpose Political interest in the future availability of natural 
resources has spiked recently, with new documents from the 
European Union, United Nations Environment Programme 
and the US National Research Council assessing the supply 
situation of key raw materials. As resource efficiency is con¬ 
sidered a key element for sustainable development, suitable 
methods to address sustainability of resource use are increas¬ 
ingly needed. Life cycle thinking and assessment may play a 
principal role here. Nonetheless, the extent to which current 
life cycle impact assessment methods are capable to answer to 
resource sustainability challenges is widely debated. The aim 
of this paper is to present key elements of the ongoing discus¬ 
sion, contributing to the future development of more robust 
and comprehensive methods for evaluating resources in the 
life cycle assessment (LCA) context. 

Methods We systematically review current impact assessment 
methods dealing with resources, identifying areas of improve¬ 
ment. Three key issues for sustainability assessment of re¬ 
sources are examined: renewability, recyclability and criticality; 
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this is complemented by a cross-comparison of methodological 
features and completeness of resource coverage. 

Results and discussion The approach of LCA to resource 
depletion is characterised by a lack of consensus on method¬ 
ology and on the relative ranking of resource depletion impacts 
as can be seen from a comparison of characterisation factors. 
The examined models yield vastly different characterisations 
of the impacts from resource depletion and show gaps in the 
number and types of resources covered. 

Conclusions Key areas of improvement are identified and 
discussed. Firstly, biotic resources and their renewal rates have 
so far received relatively little regard within LCA; secondly, the 
debate on critical raw materials and the opportunity of introduc¬ 
ing criticality within LCA is controversial and requires further 
effort for a conciliating vision and indicators. We identify points 
where current methods can be expanded to accommodate these 
issues and cover a wider range of natural resources. 

Keywords Critical resources -LCIA methodology-Lifecycle 
impact assessment • Resource depletion 


1 Introduction 

The survival of the global economy at present and increasing 
output levels depends on its sustained supply with natural 
resources. The depletion of abiotic and biotic resources is 
therefore a fundamental issue for sustainability assessment, 
entailing and affecting environmental and socioeconomic. As 
the UN Environmental Programme’s International Panel on 
Sustainable Resource Management points out (UNEP 2010), 
permanent depletion of non-renewable fossil fuels and use of 
high-grade metal ores can pose a threat to sustained industrial 
production, just as the harvest of living resources such as 
wood and fish above renewal rates threatens their reproduction 
and future availability. Availability for human use is not equally 
critical for all resources (cf. EC 2010a; NRC 2007; UNEP 2010); 
moreover, the threat to supply safety for individual resources is 
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likely to shift over time, as will policy priorities. Periodical 
assessment of the supply of resources and a move towards higher 
recycling rates are among the main objectives of the European 
Union’s flagship initiative on a resource-efficient Europe (EC 
2011a) and the European Raw Materials Initiative (EC 2008), 
which in particular calls for the identification and monitoring of 
critical raw materials to ensure a safe supply in the future. 
Resource depletion, as an impact category, has a very immediate 
economic and geopolitical aspect (i.e. continued supply), apart 
from impacts on the environment and human health. In a sus¬ 
tainability assessment of natural resources, these perspectives 
should be considered as well as modelled and assessed, in order 
to support decision making regarding environmental as well as 
said socioeconomic concerns. 

In the last 30 years, a number of methodologies and indica¬ 
tors for resource depletion have been developed, some including 
economic aspects related to abiotic and biotic resource con¬ 
sumption (cf. a recent review of Giljum et al 2011). Material- 
flow-based indicators such as Domestic Material Consumption, 
Environmentally Weighted Material Consumption and National 
Accounts Matrix Extended by Environmental Accounts seek to 
quantify environmental pressures from resource consumption 
in national accounting. The Ecological Footprint, Human 
Appropriation of Net Primary Production and Land and 
Ecosystem Accounts pursue a similar goal with a focus on biotic 
resources (cf. van der Voet et al. 2009; European Environment 
Agency) 2010). 

In the context of assessing resource efficiency, there is the 
tendency of adopting indicators simply based on mass aggre¬ 
gation. For example, at EU level, an indicator given as the 
ratio of GDP to domestic material consumption—expressed in 
Euro/tonne—has been adopted (Eurostat 2013). A higher ratio 
would indicate better performance, with growth consuming 
relatively fewer resources. The limitation of the indicator is 
that it captures only the material resource aspects and does not 
deal with other resources (EU 2011a) or the potential shift of 
burdens across countries. 

Life cycle assessment (LCA) methodology—due to its 
systemic approach—is considered apt for comprehensive en¬ 
vironmental assessment and suitable to provide a valuable 
support in integrating sustainability of resources into design, 
innovation and evaluation of products and services (Sala et al. 
2012). Resources could be evaluated in relation to their de¬ 
pletion (consumption related to geologicaE natural reserve), 
scarcity (economic availability of a resource) and their criti¬ 
cality (a resource that is scarce and also cmcial for society). 

A considerable range of methodologies for assessing re¬ 
source depletion in LCA has been proposed, with different 
theoretical underpinnings. However, it is arguable whether 
resource availability is an environmental or economic issue 
and whether this should be subject to characterisation models. 
For example, Weidema et al (2005) suggest a sharper distinc¬ 
tion between human activity and the natural environment. They 


argue that future impacts from resource extraction, and future 
(backup) extraction technologies, ought to be defined in the 
life cycle inventory as they pertain to human activities; the 
biophysical impacts of resource use to be remedied—e.g. 
diminishing ore stocks—are to be recorded in the life cycle 
impact assessment (LCIA) as they occur in the environment. 
Even so, they acknowledge the unresolved issue of socioeco¬ 
nomic impacts, as impacts on human activity. In this regard, 
the ecologically based LCA (Eco-LCA) approach put forward 
by Zhang et al. (2010) proposes a hierarchy or resource use 
indicators aiming at capturing the damage to ecosystem ser¬ 
vices—the functions these resources fulfil—stemming from 
resource use. 

Currently, LCIA methods are based upon different defini¬ 
tions of the depletion problem (Steen 2006), which could be 
summarised as: (1) assuming that mining cost will be a limit¬ 
ing factor, (2) assuming that collecting metals or other sub¬ 
stances from low-grade sources is mainly an issue of energy, 
(3) assuming that scarcity is a major threat and (4) assuming 
that environmental impacts from mining and processing of 
mineral resources are the main problem. 

The definitions above reflect a socioeconomic orientation of 
the evaluation of resource depletion, i.e. the notion that extrac¬ 
tion of a resource from the natural environment leads to a 
decrease in its future availability for human use. This, in turn, 
is expressed either in relation to the available amount of a 
resource at a given point in time (e.g. ore deposits or fossil 
fuel reserves) or the future consequences (e.g. higher economic 
and/or energetic costs) of the extraction of a certain amount of 
a resource in the present. Environmental and human health 
impacts related to extraction or use, such as toxic emissions, 
are kept as separate environmental impact categories, and 
resource depletion directly impacting ecosystem health is not 
taken into account. While any transfer of a resource from the 
natural environment to the anthroposphere decreases availabil¬ 
ity in the natural environment at least temporarily, political and 
economic factors, as well as technological developments, exert 
their influence on the resource supply situation. A natural 
resource is either extracted permanently from the natural envi¬ 
ronment in the case of minerals and fossil fuels (regeneration 
of which is negligible on a human time scale) or subject to 
varying but limited regeneration rates in the case of renewable 
resources. The present study aims at reviewing how resources 
are modelled and handled in the LCIA phase of LCA and the 
extent to which sustainability perspectives are integrated in the 
assessment of metals and minerals, fossil fuels and renewable 
biotic resources. 

We conclude, in line with previous reviews (e.g. Heijungs 
et al. 1997; Lindeijer et al. 2002; Finnveden et al. 2009; 
Hauschild et al. 2013), that there is a lack of consensus on 
LCIA for natural resource depletion. Marked data gaps exist in 
between different methods; abiotic resources, such as metals, are 
receiving more attention than renewables; and the various 
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existing methods yield incongruent results. Moreover, we find 
that the further from extraction impacts are modelled along the 
impact pathway, the less consensus there appears to be on what 
it is to be protected. The issue raised by Weidema et al. (2005) 
on whether also economic impacts, or only environmental im¬ 
pacts, ought to concern us in the case of resource extraction 
remains unresolved. In light of the recent international policy 
focus on resource scarcity and given that the impact in case of 
resource depletion is indeed on availability, this warrants closer 
examination in a review in order to pinpoint currently neglected 
areas. 

The article is organised as follows: In Section 2, we provide 
an overview of the classification of resources in LCA; Section 3 
gives an overview of current approaches to resource character¬ 
isation in LCA; Section 4 highlights the key issues related to a 
comprehensive assessment of resources entailing sustainability 
concerns; and in Section 5, we discuss the suitability of existing 
methods, providing an outlook for further development. 

2 Natural resources classification in LCA 

Natural resources are generally categorized in the context of 
LCA and beyond as abiotic and biotic resources or stock, fund 
and flow resources. Lindeijer et al. (2002) give a comprehen¬ 
sive set of definitions, outlined below. 

Abiotic resources are inorganic or non-living materials at 
the moment of extraction (e.g. water, metals, also dead organic 
matter such as peat, coal; cf. UNEP 2010). 

Biotic resources are living at least until the moment of 
extraction from the natural environment (e.g. wood, fish). 
The category does not include biotic resources reproduced by 
an industrial production process, as opposed to being extracted 
from the natural environment (e.g. livestock, fish from aqua¬ 
culture, agricultural crops; wood from a plantation; cf. Guinee 
and Heijungs 1995; UNEP 2010). 

Other approaches opt for a classification into stock, fund 
and flow resources, putting more emphasis on resources’ 
capability of renewal or regrowth. 

Stock resources exist as a finite, fixed amount in the natural 
environment, with no possibility of regrowth (e.g. rock, 
metals), or renewal rates on timescales too large compared 
to the human rate of consumption (e.g. oil). 

Fund resources can be depleted at a rate dependent on a 
ratio of extraction to regrowth, or renewal rate. Both perma¬ 
nent depletion (e.g. the extinction of a resource species) and an 
expansion of the fund (if renewal rates exceed extraction rates) 
are possible. 

Flow resources are resource types which cannot be deplet¬ 
ed, although there might be local or temporal non-availability 
(e.g. surface freshwater dependent on a certain amount of 
precipitation, solar or wind energy). Renewability of flow 
resources is practically instantaneous. 


Figure 1 gives an overview of the types of resource deple¬ 
tion looked at in the LCA context. No methodology provides 
full coverage of the resources in Fig. 1 yet; this is a general 
shortcoming in present methods. 

Resource types are categorized here as abiotic or biotic, 
renewable or non-renewable and stock, fund or flow type 
resources. 

Land use has been kept as its own category, since it is 
neither as clearly to be characterised in mass or volumetric 
terms, nor as abiotic or biotic (e.g. Goedkoop et al. 2009) but 
in terms of area. There is also no consensus on an unambig¬ 
uous categorization of land in a stock/fund/flow schematic 
(Lindeijer et al. 2002; UNEP 2010), and soil is not counted as 
a resource as such by any methods. 

Water use has been characterised along the lines of process 
and cooling water (Kernna et al. 2005), or fossil and standing 
or flowing surface water (e.g. Lindeijer et al. 2002). Its differ¬ 
ent uses place water apart from other abiotic resource types to 
some extent; water use is generally assessed separate from 
other resources (cf. Lindeijer et al. 2002; Bayart et al. 2010; 
Berger and Finkbeiner 2010; UNEP 2010; Giljum et al. 2011). 

In this review, we will concentrate on an analysis of ap¬ 
proaches to assess depletion of minerals, fossil fuels and biotic 
resources. 

3 Current approaches in LCA 

We review current approaches in LCA, analysing those 
that were chosen for the evaluation in the context of the 
International Reference Life Cycle Data System (ILCD) rec¬ 
ommendation for LCIA (Hauschild et al. 2013; EC-JRC 
2010a, b, EC-JRC 2011) complemented by related, further 
methodological developments. 

The rationale behind the choice of the methods assessed for 
the ILCD was to consider only those including an element that 
reflects scarcity, defined as decreased availability for future 
generations caused by resource extraction, and not only inher¬ 
ent properties of the abiotic or biotic resource (cf. Hauschild 
et al. 2013). 

Midpoint as well as endpoint methods are taken into ac¬ 
count. We use the mid-/endpoint distinction as it continues to 
be used in LCA also in the resource context (e.g. Goedkoop 
et al. 2009; EC-JRC 2011; Hauschild et al. 2013). 

Table 1 gives an overview of the assessment methods and 
the metrics used in the models analysed. At midpoint level, 
i.e. closer to the extraction of a particular resource, indicators 
for abiotic and biotic resources are usually based on mass; 
separate categories are generally used for water and land use. 

Endpoint models attempt to capture the consequences of 
resource extraction, apart from diminishing of stocks or deposits 
as the most immediate impacts. This distinction is less clear in 
the case of resource depletion than it is with other environmental 
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Fig-1 A schematic of natural resources in LCA (land and water use are not covered in this review, indicated by dashed lines) 


interventions; the impact category (resource depletion) and area 
of protection (natural resources) are essentially congruent. 

Although water is generally defined as an abiotic resource, 
metrics for water use are represented in a separate column. 


Acknowledging the existence of different definitions of the de¬ 
pletion problem (Steen 2006) and expanding the differentiation, 
we distinguish six methods for assessing resource depletion, 
providing characterisation factors to be multiplied by mass of a 
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Table 1 Metrics for resource 
depletion 


Blank fields indicate the resource 
categoiy is not covered 


Model Metric Source 


Abiotic Biotic 


Midpoint 

Exergy 

— 

— 

CML 2002 

kg Sb-eq.; MJ 


Ecolndicator 99 

— 

— 

EcoPoints 2006 

kg 

kg 

EDIP 1997 

kg/cap 

kg/cap 

EPS 2000 

kg 

kg 

IMPACT 2002+ 

kg; MJ 

— 

ReCiPe 

kg Fe-eq.; MJ 

— 

Endpoint 

Exergy 

MJ exe j-gy 

MJ exe j-gy 

CML 2002 

— 

— 

Ecolndicator 99 

MJ SU rplus energy 

— 

EcoPoints 2006 

(Dimensionless) 

(Dimensionless) 

EDIP 1997 

— 

— 

EPS 2000 

$WTP 

$WTP 

IMPACT 2002+ 

MJ surp i us energy 

— 

ReCiPe 

$ surplus cost 

— 


Finnveden and Ostlund (1997); Dewulf et al. (2007) 
Guinee et al. (2002); van Oers et al. (2002) 
Goedkoop and Spriensma (2001) 

Frischknecht et al. (2008) 

Hauschild and Wenzel (1998) 

Steen (1999) 

Jolliet (2008) 

Goedkoop et al. (2009) 

Finnveden and Ostlund (1997); Dewulf et al. (2007) 
Guinee et al. (2002); van Oers et al. (2002) 
Goedkoop and Spriensma (2001) 

Frischknecht et al. (2008) 

Hauschild and Wenzel (1998) 

Steen (1999) 

Jolliet (2008) 

Goedkoop et al. (2009) 


resource extracted. The underlying models are based on reserves 
of a resource, exergy consumption, future consequences of re¬ 
source extraction (the surplus energy approach), willingness-to- 
pay (WTP), marginal cost of resource extraction and a distance- 
to-target approach. 

3.1 Based on reserves and/or annual extraction rates 

Indicators based on total reserves directly assess the extracted 
mass of a given resource, usually in relation to its deposits. 
Both the Institute of Environmental Sciences (CML) (Guinee 
and Heijungs 1995; van Oers et al. 2002) and Environmental 
Design of Industrial Products (EDIP) methods (Hauschild and 
Wenzel 1998) take this approach. These methods are currently 
only operational for abiotic resources, i.e. metals, minerals 
and fossil fuels, the extracted mass of the latter usually being 
converted to and expressed in energetic terms (i.e. heating 
value given in megajoules). 

The CML method, representing the current recommendation 
of the ILCD (EC-JRC 2011), uses the dimensionless abiotic 
depletion potential (ADP), to be multiplied with the amount of a 
given resource extracted. The annual production of the material 
(the extraction rate) is divided by the reserves squared. The 
value for reserves is squared to take into account the fact that a 
simple ratio of annual production over reserve does not change 
if higher production rates are met by larger reserves, or low 
production rates by low reserves; the extraction of, e.g. 1 kg of a 
resource has different impacts on scarcity in these two cases. 


The EDIP methodology (Hauschild and Wenzel 1998) 
assesses resource depletion in person reserves (given in kilo¬ 
grams), setting the amount extracted in relation to the respec¬ 
tive resource’s deposits given as the economic reserve (i.e. 
those deposits currently economically exploitable). Unlike the 
CML method, the EDIP approach does not reflect the current 
importance of a resource because it disregards extraction rates. 

The CML method does include a separate impact category 
for biotic resources including regeneration aspects due to lack 
of data factors are not provided. The approach for biotic 
resource depletion by Heijungs et al. (1992; cf. also Lindeijer 
et al. 2002) uses a calculation similar to the CML method (net 
current extraction divided by stocks squared). 

In order to overcome limitation of current methods, two 
other approaches were recently developed. Schneider et al 
(2011) propose to expand the calculation for abiotic depletion 
potential by including anthropogenic stocks of metals (an 
anthropogenic stock extended abiotic depletion potential, 
AADP). It is argued that inclusion of anthropogenic stocks 
can lead to significant changes in the representation of raw 
material availability; access to these stocks, however, is lim¬ 
ited by the recyclability of any given metal. Vieira et al. (2012) 
propose a method which accounts for decreasing ore grades 
and provide an example for Cu. 

3.2 Exergy 

Exergy (Finnveden and Ostlund 1997; Bosch et al. 2007; 
Dewulf et al. 2007) has been described as ‘the upper limit of 


<£) Springer 







Int J Life Cycle Assess (2014) 19:580-592 


585 


the portion of a resource that can be converted into work’ 
(Dewulf et al. 2007). Conversely, exergy extraction represents 
extracted potential for entropy production from the natural 
environment, since a resource is usually concentrated follow¬ 
ing extraction; the amount of energy necessary to bring the 
resource back into the state before extraction can be described 
as exergy loss (Lindeijer et al 2002). 

The exergy method can be extended over wide range of 
resource types, including minerals and metals, fossil and 
nuclear fuel, wind, solar and hydropower, land occupation as 
well as atmospheric and water resources. Dewulf et al (2007), 
for example, calculate conversion factors (called Xfactors) in 
terms of exergy content per unit of the resource flow for 184 
reference flows. These reference flows are taken from the 
ecoinvent database version 1.2 (Swiss Centre for Life-Cycle 
Inventories 2007). While comprehensive in scope, the ap¬ 
proach has been criticized for possibly misrepresenting the 
availability of the desired quality of a non-energy resource 
(e.g. metals) by accounting for its exergy content (Bosch et al. 
2007; Lindeijer et al. 2002). Accounting for depletion in 
exergy terms in a way disregards a resource’s functionality 
and possibly limited capability of being substituted by another 
resource in the case of non-energy resources such as metals 
(Heijungs and Guinee 1997; Lindeijer et al. 2002; EC-JRC 
2011; Steen 2006) and thus may misrepresent its actual 
scarcity. 

3.3 Surplus energy 

The surplus energy approach, as adopted in the Eco-Indicator 99 
(EI99) (Goedkoop and Spriensma 2001) and IMPACT 2002+ 
(Jolliet et al. 2003), is based on the assumption that as more of a 
resource is extracted over time, quality of deposits still available 
tends to decrease. Each extraction of a certain amount of a 
resource from a deposit in the present will require an earlier 
move to more energy-intensive extraction from lower-quality, 
less accessible deposits in the future. 

The future energy requirements for extracting a resource 
from lower-grade deposits are taken as an indicator for present 
resource depletion (cf. Mueller-Wenk 1998). The method as¬ 
sumes the energy requirements of current technology for 
extracting a given resource at a chosen point in the future (in 
the EI99 method, when five times the cumulative extraction up 
to 1990 has been mined). 

A model assessing resource depletion based on the energy 
requirements of extraction takes declining ore grades, or less 
conventional fossil fuel deposits, as a premise (cf. Goedkoop 
and Spriensma 2001), making it not very suitable to be expand¬ 
ed beyond minerals and fossil fuels to include (renewable) 
biotic resources. This premise, of each extraction requiring an 
earlier move to a lower-quality, less accessible deposit in the 
future, does not necessarily hold for renewables. 


3.4 Marginal cost 

It may be argued that as energy demand increases if a resource 
is to be extracted from less concentrated, lower-quality de¬ 
posits over time, extraction costs increase as well. A case has 
been made from an economic perspective for measuring re¬ 
source depletion as energy demand for extraction or concen¬ 
tration (e.g. Roma and Pirino 2009). Monetizing the energy 
requirements of resource extraction, as in the ReCiPe method¬ 
ology (Goedkoop et al. 2009), provides a more universally 
applicable indicator; in principle, marginal extraction costs can 
also be utilized as a metric for renewable resource extraction. 

The ReCiPe 2008 method follows an idea similar to the 
surplus energy concept, but in addition uses monetization of 
surplus energy demand for characterising future efforts for 
resource extraction. Marginal increase of extraction cost per 
kilogram of extracted resource forms the basis of the model, 
differentiated by deposit and assuming a discount rate over an 
indefinite time span. Extracted amounts are converted, with 
iron as a reference substance (kilograms of iron-equivalent). 

3.5 Willingness to pay 

Willingness-to-pay (WTP) models aim to capture the monetary 
cost of avoiding damages to an area of protection—in our case, 
natural resource availability. The EPS 2000 method (Steen 
1999) takes this approach to weighting of impacts from re¬ 
source depletion. 

A market model is used for abiotic resources, assumptions 
differing depending on the substance or material (different 
groups of metals and minerals, fossil oil, coal, natural gas): 
The cost of substituting a substance by a sustainable alternative 
is used as a WTP value for future generations affected by 
present-day depletion. Biotic resources or ecosystem production 
capacities, including fish, meat, wood and land use, are assumed 
to be substitutable by resources of the same kind. Market prices 
are used as a basis to quantify the cost of substitution. 

Since the method regards individual metals to as non- 
substitutable and hence there is no ‘sustainable alternative’, the 
reference chosen is 1 kg of a resource as mined in the present 
(i.e. from present reserves). While WTP thus allows for a large, 
discretionary range of resource types and so allows uniform use 
over diverse impact categories (including land use), the assump¬ 
tions and long timeframe in determining willingness to pay 
result in high uncertainty (EC-JRC 2011). 

3.6 Distance to target 

Distance-to-target approaches set environmental impacts 
against predefined targets. For resource depletion, such a 
target may be defined as a critical resource flow. The Swiss 
EcoPoints method (Frischknecht et al. 2008) only incorpo¬ 
rates gravel, energy resources, land and water use. Wood, as 
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fuel, and uranium, as a nuclear energy carrier, are included as 
energy resources. The model chooses a distance-to-target 
approach, characterising depletion of resources in environ¬ 
mental load points ( Umweltbelastungspunkte ) based on the 
ratio of a predefined critical flow to the actual flow of a 
resource. In the method documentation, scarcity ratios and 
environmental load points are given for Switzerland only. 

In principle, a ratio of critical to actual flows can be 
established for any natural resource or other impact categories; 
e.g. in the case of renewable resources, the critical flow 
corresponds to the carrying capacity of woods or fisheries, 
while in the case of non-renewable resources, such a critical 
flow could correspond, for example, to a defined supply 
horizon or a target set by policy. Non-renewable resources 
are multiplied by a higher factor than renewable resource 
flows in this method; in the case of fossil fuels, this is based 
here on Swiss targets for the country’s energy mix and thus 
essentially policy-based as well. 

4 Key issues for resource sustainability assessment 

Several issues have so far received little attention regarding 
natural resource depletion within LCA impact assessment 
modelling. This section will examine the suitability of the models 
presented in Section 3 in view of these issues. The better a model 
covers (or can potentially cover) these aspects, the more desirable 
it is for future use. 

Firstly, while renewal rates for biotic resources are included 
in the relevant models, anthropogenic stocks of, e.g. metals, 
and their anthropogenic stocks and recyclability, have so far 
not received much attention; Schneider et al. (2011) and 
Cummings and Seager (2008) have proposed ways to cover 
these aspects. We argue that both can, theoretically, be treated 
consistently within one methodological framework. 

Secondly, resource criticality has so far received more atten¬ 
tion outside LCA and is gaining importance in policy making 
(EC 2010a; NRC 2007). A resource depletion indicator 
reflecting the supply criticality of a given resource, subject to 
economic, political and strategic influences in addition to mere 
availability in the natural environment, is therefore desirable. 

Thirdly, characterisation factors given for an individual re¬ 
source can yield vastly different assessments of this resource’s 
scarcity over the range of currently available methods. In 
addition, the number of resources covered varies from method 
to method. A user’s choices of method may thus over- or 
deemphasize the depletion of particular resources or resource 
types. 

4.1 Renewability of biotic resources 

Renewal rates, the rates of current annual replenishment of 
species, are generally taken into account in the case of biotic 


resources, where these are covered by an LCA methodology 
(cf. Lindeijer et al. 2002). Nonetheless, the practical applica¬ 
tion of these methods is quite limited, and there is still a 
misleading perception that renewable resources are not subject 
to criticality in the same way as has been highlighted by recent 
such assessments of minerals. In fact, impacts on the carrying 
capacity of ecosystems and their intrinsic capability of renew¬ 
al may lead to impact on human needs and life greater than 
shortage in, e.g. mineral resources. This issue, regarding the 
stock of ecological capital, is considered central in the ongo¬ 
ing discourse about resources in the scientific community (cf. 
UNEP 2007; Giljum et al. 2011; Kitzes et al. 2009; Borucke 
et al. 2013) but less perceived and discussed within LCA. 

Renewability of resources adds a temporal element to re¬ 
source depletion. Cummings and Seager (2008) give an over¬ 
view of the timescale required for resource renewal. For flow 
resources such as wind and solar power, renewability is virtu¬ 
ally instantaneous, while for biotic resources, renewal times 
range from one to several hundred years, and fossil fuels, while 
theoretically renewable, require geological timeframes. Metals 
and minerals, including nuclear fuel, as stock resources, are 
truly non-renewable resources (if astronomical processes are 
not taken into consideration). Resource renewability is less a 
binary question than a value on a (time) scale depending on the 
type of resource. Lindeijer et al (2002) propose to include 
biotic resources in a resource depletion assessment, subtracting 
current reproduction/renewal rates from current use and divid¬ 
ing the result by the square of the worldwide present stock of 
the species in question. 

4.2 Recycling 

In the case of metals and minerals, recycling has not been 
included in current models, possibly leading to misrepresenta¬ 
tion of the availability of a substance or material (Yellishetty 
et al. 2009). Recycling may be regarded as a replenishment of 
the available anthropogenic stock of a resource, decreasing 
extraction rates from the natural environment. From the stand¬ 
point of resource availability from natural deposits, this is a 
fundamental aspect of resource efficiency. In the context of 
LCA, recycling implies a need for further refinement in model¬ 
ling both at the inventory and at the impact assessment stages. 
As pointed out by Schneider et al. (2011), the anthropogenic 
stock of recyclable materials has to be taken into account, 
acknowledging the complexity of differentiating the recycla¬ 
bility potential of different metals. 

4.3 Supply safety and critical resources 

LCA approaches to resource depletion have so far focussed on 
the geophysical availability of a given mineral or metal, with¬ 
out considering the constraints of political economy, geostra¬ 
tegic considerations or environmental legislation in producing 
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countries. These latter aspects are not captured fully by existing 
models based, generally, on reserves and extraction rates, but 
may dismpt the supply of certain raw materials. 

Criticality , assessed in the European policy context by the 
Ad-hoc Working Group on defining critical raw materials (EC 
2010a), applies to several industrial minerals and metals (cf. 
EC 2011a, b; Schueler et al. 2011) and is presently determined 
by economic and geopolitical factors: economic importance, 
supply risk and environmental country risk (i.e. stricter envi¬ 
ronmental regulation in an exporting country impairing im¬ 
ports of a resource type). 

The method for criticality assessment put forward by the 
European Commission is based on three separate indicators: 
First, economic importance is denoted by share in consump¬ 
tion and gross value-added of a resource’s end-use sector. 
Second, the supply risk of a resource is measured taking into 
account the stability of the producing countries, substitutabil¬ 
ity and recycling rate. Third, the environmental country risk is 
established as a combination of the environmental perfor¬ 
mance index of the producing countries, substitutability of 
the resource in question and the recycling rate. Fourteen raw 
materials are listed as critical: antimony, beryllium, cobalt, 
fluorspar, gallium, germanium, graphite, indium, magnesium, 
niobium, platinum group metals, rare earth elements, tantalum 
and tungsten. 

A similar concept has been proposed by the US National 
Research Council (NRC 2007). Natural resources are placed 
in a ‘criticality matrix’ showing the importance in use (corre¬ 
sponding to the potential impact of supply restriction) and 
availability (corresponding to the supply risk) of a given 
resource. Importance of a mineral is calculated as a weighted 
product of the proportion of the mineral in the US market and 
the impact of supply restriction; the assessment of supply risk 
incorporates geological, technical, regulatory, environmental, 
political and economic availability. In comparison to the 
European Commission’s indicators, the US approach is less 
rigidly defined, depending ultimately on assessment by an 
expert committee. 

Buijs and Sievers (2011) show in their survey of relevant 
indicators that the question of resource criticality is of an 
socioeconomic or strategic rather than environmental nature, 
with inherently stronger fluctuations and biased models as 
opposed to a regard simply towards, e.g. deposits vs. extrac¬ 
tion rates. Criteria for identifying critical raw materials are 
discretionary and still under debate, and the list of critical raw 
materials may change accordingly. Figure 2 gives an example, 
reporting three indicators used for criticality assessment. 

Figure 2 shows the abiotic depletion potential, as used in 
the CML methodology (Guinee and Heijungs 1995; van Oers 
et al. 2002), together with the three different indicators devel¬ 
oped by the European Commission’s Ad-hoc Working Group 
on defining critical raw materials (EC 2010a). CML, used as 
an example of a well-accepted mass-based indicator here, 


divides the annual production (i.e. the extraction rate) of a 
given resource by the ultimate reserves (the concentration of 
an element in the earth’s cmst) squared. The results use over 
antimony as a reference resource. Indicators for criticality are 
likewise shown as antimony-equivalents here. 

The figure shows that there is no clear correlation between 
a safe resource supply, as calculated by the resource criticality 
indicators, and the reserve-extraction rate ratio. If an indicator 
for resource depletion is to measure the availability of a 
natural resource, the parameters above hold useful additional 
information. So far, this aspect has been virtually absent from 
LCA. A thorough analysis of the topic is provided by Mancini 
et al. (2013), as a result of an extensive discussion on critical¬ 
ity and LCA by different stakeholders, from research, govern¬ 
ment and industry. Besides, critical/non-critical status may 
apply to biotic just as it does for abiotic resources, reflecting 
danger to renewability (if the ecological carrying capacity of 
the system is exceeded) and/or risk of species’ extinction. 
Including only those biotic resources that are under pressure 
from extraction (e.g. Lindeijer et al. 2002) can serve as a 
starting point for a representation of criticality. It is suggested 
to include scarce biological resources if they are listed either 
an important global resource (fish or forest resources) by the 
Food and Agriculture Organization of the United Nations, or 
listed as vulnerable, endangered or critically endangered (cor¬ 
responding to defined net extraction to stock ratios) by the 
International Union for the Conservation of Nature. Extraction 
and renewal rates are proposed to be estimated over 10 years, 
or three generations of the species, if that is a longer period 
than 10 years (cf. Section 4.1). The critical status of species 
reported by the IUCN corresponds roughly to a scale of 
current-net-extraction-to-stock ratios, with <0.2 representing 
the lowest and >0.8 the highest risk to the species (Lindeijer 
et al 2002). 

Critical status of species has been defined before as com¬ 
prising the importance of and threat to a species (De Groot 
et al. 2003). Narrowing a multi-faceted definition of impor¬ 
tance down to importance as a global resource, as in Lindeijer 
et al (2002), better meets the definition of‘natural resource’ as 
it is used in the LCA context (i.e. resources for human use). 

4.4 Gaps and differences in characterisation 

Figure 3 shows a comparison of characterisation factors for a 
selected set of minerals and cmde oil as a fossil energy source 
from the models outlined in Section 4. The characterisation 
factors have been normalized over iron as one of the most 
abundant metals (cf. EC 2010b). The EcoPoints 2006 meth¬ 
odology (Frischknecht et al. 2008) is not included in the figure 
due to its small number of resources covered (especially 
minerals) limiting its comparability in this case. 

While resource depletion metrics may differ (cf. Table 1), 
Fig. 3 highlights the variations of the degree of scarcity of 
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Characterization factors 
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Fig. 2 Mass-based indicator (abiotic depletion potential; van Oers et al. 2002, cf. Electronic Supplementary Material) and critical resource indicators 
according to EC (2010a, b) 


individual resources relative to each other, as shown by differ¬ 
ent methods. Owing to the abundance of iron on earth, char¬ 
acterisation factors for the metals selected here indicate, with 
the exception of aluminium in the CML, EPS and ReCiPe 
methods, higher scarcity than iron. 

Characterisation factors for individual substances differ by 
several orders of magnitude. The comparison shows, more¬ 
over, that a similar theoretical basis of impact assessment 
methods does not correspond to a similar ranking of resources 
with respect to scarcity/depletion potential. For example, the 
EDIP 97 and CML 2002 methodologies are mass-based, yet 
show considerable discrepancies in mineral depletion indica¬ 
tors in relation to iron. 

One resource’s relative importance is thus strongly depen¬ 
dent on the model chosen by the user. A comprehensive and 
unbiased assessment would therefore necessitate the impracti¬ 
cable task of looking at the currently available range of 
methods covering partly congment sets of resources in parallel. 

Coverage of resources is similarly inconsistent as charac¬ 
terisation; Table 2 compares the number of resources for which 
current methods give characterisation factors. Fossil fuels in¬ 
clude cmde oil, natural gas, brown coal, hard coal, peat and 
sulphur. Uranium is counted as a nuclear fuel, separate from 
other minerals, to highlight the fact that it is not included in 


every method. Biotic resources comprise wood and wild ani¬ 
mals (including fish). 

Similar to the issue of varying characterisation, the choice 
of method influences the outcome with regard to resource 
depletion as a result of the number of resources included in 
the impact assessment. A high number of resources covered 
are evidently more desirable to render a complete picture than 
a more limited scope. 

5 Discussion 

There is a notable lack of consensus across impact assessment 
methods for natural resource depletion in LCA. This review 
shows that there are several loose ends in related but not yet 
combined impact assessment methods for natural resource 
depletion. These offer insight into which steps can be taken 
towards a more unified approach that takes into account the 
areas for improvement outlined. 

Current methods tend to cover only limited, and often dif¬ 
ferent, sets of resource types and aspects to resource depletion, 
presenting a somewhat fragmented picture. An indicator that is 
comprehensive, scientifically robust, but parsimonious and 
easy to understand is desirable. 
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□ aluminium (Al) 

□ copper (Cu) 

□ iron (Fe) 

□ lead (Pb) 

B manganese (Mn) 
B nickel (Ni) 

Hzinc (Zn) 

□ Crude oil 



Exergy AADP CML2002 EI99 EDIP 97 EPS 2000 IMPACT 2002+ReCiPe 2008 

Fig. 3 Characterisation (at midpoint) of selected resources, normalized over iron (cf. Electronic Supplementary Material). No characterisation is given 
by Schneider et al. (201 1) for manganese and cmde oil using the AADP method 


We identify three main issues which offer room for improve¬ 
ment. Firstly, if biotic resources are covered by resource deple¬ 
tion models, natural renewal rates have to be taken into account; 
the effect of recycling on the supply of non-renewable resources 
such as metals, however, has so far received little regard in LCA 
impact assessment models and may be prone to double counting 
and misrepresenting resource availability. Secondly, scarcity in 
the natural environment is looked at by present models, whereas 
different levels of criticality and supply safety, or threat of 
dismption of raw material flows influenced by socio-economic 
factors, are not assessed within these same frameworks. Thirdly, 
current approaches are disparate in their methodologies and the 
types and number of resources covered. 

Following a systematic overview of resource types in LCA 
and methodological approaches, the issues above are examined 


in relation to current models in order to highlight present 
shortcomings in these areas. The results of the analysis inform 
our outlook on the inherent opportunities of current methods 
for further development, incorporating a greater range of re¬ 
source types and aspects to the depletion issue in a meaningful 
way. 

At midpoint, closer to the environmental intervention 
(extraction), a combination of separate approaches is possible 
by adjusting or expanding existing mass-based indicators. 
Section 4.4 highlights the need for expanding coverage of 
existing methods over a greater number of resources. 

Several proposals have been made that take the CML 
method (Guinee and Heijungs 1995; van Oers et al 2002) as 
a point of departure. The basic calculation method has been 
modified by Lindeijer et al. (2002), Schneider et al. (2011) and 


Table 2 Number of natural resources covered per method (cf. Electronic Supplementaiy Material); where different sources for a resource (i.e. ore grades 
or energy contents) are given, the resource in question is only counted once 



Exergy 
(Dewulf 
et al. 2007) 

CML 2002 
(van Oers 
et al. 2002) 

El 99 (Goedkoop 
and Spriensma 
2001) 

EcoPoints 2006 
(Frischknecht 
et al. 2008) 

EDIP 97 
(Hauschild and 
Wenzel 1998) 

EPS 2000 
(Steen 1999) 

IMPACT 
2002+ (Jolliet 
et al. 2003) 

ReCiPe 2008 
(Goedkoop 
et al. 2009) 

Abiotic: minerals 

57 

48 

12 

1 

29 

67 

13 

19 

Abiotic: fossil fuels 

6 

4 

4 

4 

4 

3 

5 

4 

Abiotic: nuclear fuel 

1 

1 


1 

1 

1 

1 

1 

Biotic 

5 



1 


2 

1 



AADP is not listed here, since Schneider et al. (2011) only give factors for ten materials as examples 
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Berger and Finkbeiner (2010) to cover biotic resources, fresh¬ 
water depletion and anthropogenic stocks, respectively. For 
biotic resources (as for freshwater depletion), the renewal rate 
of the resource in question is introduced by simply subtracting 
it from a corresponding extraction rate. 

The issue of incorporating renewability of biotic resources 
has, partially, been resolved through this approach by propos¬ 
ing a straightforward net-extraction-rate-over-stocks calcula¬ 
tion. Further adding the anthropogenic stocks of a resource to 
the amount present in natural stocks or deposits makes it 
possible to draw a more realistic picture of raw material avail¬ 
ability. To avoid double counting, a more explicit introduction 
of recycling does not seem advisable; an inclusion into de¬ 
posits or stocks of a resource of anthropogenic stocks gives a 
picture of recycling rates (as a replenishment of anthropogenic 
stocks). This has been done in the form of the AADP, the 
adaptation in Schneider et al (2011) of the calculation method 
for ADP. This is makes sense, however, only under the as¬ 
sumption that anthropogenic stocks are at least as accessible as 
the corresponding resource currently extracted from nature, 
e.g. the quality of the considered anthropogenic stocks of a 
metal would have to be able to be substituted for the same 
amount extracted from natural ores. 

More far-reaching, socioeconomic considerations of re¬ 
source criticality and supply safety (see Section 4.3) are not 
to be meaningfully covered by an approach so close to the 
immediate environmental intervention at hand, i.e. the extrac¬ 
tion process diminishing biophysical resource availability. 
The recently published indicators on critical raw materials 
(EC 2010a; NRC 2007; UNEP 2010) are so far limited to 
metals. The proposal of Lindeijer et al (2002) to include only 
biotic resources under a certain and defined threat of extinc¬ 
tion into a metric of biotic resource depletion would incorpo¬ 
rate the criticality aspect only at the cost of giving an incom¬ 
plete picture of resource use and would result in an even less 
complete assessment if extended to abiotic resources. 

The exergy method (Finnveden and Ostlund 1997; cf. also 
Dewulf et al. 2007) has the advantage of wide applicability 
over various resource types and stability over time in charac¬ 
terisation factors (being based on thermodynamic properties); 
there is no consensus, however, as to whether an indicator for 
exergy use would depict diminishing stocks (or scarcity) of, 
e.g. a mineral (Heijungs and Guinee 1997; EC-JRC 2011). A 
mass/volume-based indicator, taking into account available 
deposits, has shown to be quite adaptable to reach better 
coverage and more accurate assessments of scarcity, as has 
been shown by the adaptations of the CML method mentioned 
above. 

At endpoint, the aim is to cover the impacts of reduced 
availability of a resource beyond the simple reduction in 
stocks and deposits. This can be achieved by assessing the 
additional effort necessary for extracting a given amount of a 
resource in the future. Surplus energy approaches, as well as 


willingness-to-pay models, provide metrics that are, in theory, 
applicable to a wide range of resources. 

Exergy, however, keeps to depicting biophysical resource 
availability. The ReCiPe method (Goedkoop et al. 2009) intro¬ 
duces the marginal extraction cost per extraction of functional 
unit instead of energy, thereby using a more accessible metric. 
By monetizing increased extraction efforts, it is theoretically 
possible to include a comprehensive range of resources using 
one metric, without making changes to this methodological 
framework. 

In the case of minerals, the notion of decreasing ore grades 
and related increased technological extraction efforts being 
directly caused by the exhaustion of more accessible deposits, 
and leading to increased prices as an indicator for mineral 
depletion, has been criticized elsewhere (Mudd and Ward 
2008; West 2011). Mudd and Ward show technological prog¬ 
ress, and not necessarily exhaustion of high-grade ores, as a 
driver for extraction from lower-grade deposits at largely stable 
prices. Monetization of the extraction effort per functional unit 
provides a more complete picture of supply constraints if one is 
to measure more far-reaching impacts of extracting a certain 
amount of a given resource. West (2011) argues that political 
and socioeconomic constraints borne out of environmental 
policy considerations (e.g. carbon pricing, regulation of toxic 
emissions from mining activities), as opposed to mere biophys¬ 
ical availability, will eventually prove a limiting factor for 
resource availability. A marginal extraction cost model, as 
opposed to one based on energetic, chemicaPphysical terms 
such as exergy or surplus energy, may therefore turn out to 
draw a more useful picture. Although Weidema et al. (2005) 
suggest to model future technologies (human activity) in the 
inventory analysis, but at the same time acknowledge the need 
for socioeconomic impact assessment of resource use and 
since West (2011) notes environmental policy as a driver of 
extraction cost, it can be argued that marginal cost can capture 
the environmental and socioeconomic impacts of resource 
extraction—environmental impacts, in this case, by proxy of 
policy-induced surplus cost. Any inclusion of economic and 
social impacts, however, does muddle the distinction of human 
activity (causing impacts) and the natural environment (im¬ 
pacted upon) raised by Weidema et al (2005). Conversely, 
forgoing the modelling of future scenarios for resource extrac¬ 
tion would leave only midpoint indicators such as exergy 
extraction or extraction-rate/reserve-based characterisation 
models as valid options (cf. also Finnveden et al. 2009). 

Zhang et al. (2010) propose a differentiated, hierarchical Eco- 
LCA approach to account for ecosystem services as ecological 
resources, exceeding the relatively narrow definition of avail¬ 
ability of a natural resource for human use considered by the 
other models in this review. From a set of individual resource 
flows, aggregated midpoint indicators are established using 
mass, exergy or energy metrics. These can be further used to 
establish endpoint indicators. While only renewability and 
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resource efficiency are included in the example given by Zhang 
et al. (2010), they consider a wider range of endpoint indicators 
possible, such as monetary valuation or an ecological footprint. 
This does not, however, overcome the limitations we mentioned 
inherent in mass- or energy-consumption-based indicators used 
here. 

While the indicators for resource criticality referred to in 
Section 4.3 attempt to put discrete numbers on a variety of 
socioeconomic factors influencing raw material supply, this 
does not seem practicable in a parsimonious and easy-to- 
understand indicator as it is understood in this review. As our 
example showed, criticality indicators do not correspond to 
models focussed on resource depletion from the natural envi¬ 
ronment. While the indicators may not be easily integrated in 
an existing framework, they can yield complementary infor¬ 
mation on a resource’s actual availability. 

This article identifies readily available room for improve¬ 
ment for resource depletion indicators in an LCA context. Such 
possibilities are more evident at the midpoint level intended to 
give a more immediate picture of biophysical depletion. With 
regard to anthropogenic stocks, renewability of biotic and 
recycling of abiotic resources, present approaches can be com¬ 
bined without basic methodological changes, to give a better 
indication of depletion, not least by expanding the scope at 
least of mass-based indicators over a greater number of re¬ 
sources. At endpoint, the less immediate, societal or economic 
impacts are, arguably, at present best covered by indicators 
quantified in terms of economic costs such as marginal extrac¬ 
tion cost of mineral resources; monetization of impacts clearly 
presents room for expansion of these present models. 

Acknowledgments The authors thank Lucia Mancini for her contribu¬ 
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